EP 1174 753 A1

Europdisches Patentamt

European Patent Office

(19) g)

(12)

Office européen des brevets

(11) EP 1174 753 A1

EUROPEAN PATENT APPLICATION

published in accordance with Art. 158(3) EPC

(43) Date of publication:
23.01.2002 Bulletin 2002/04

(21) Application number: 01904505.3

(22) Date of filing: 16.02.2001

(51) IntC1”: GO2F 1/035

(86) International application number:
PCT/JP01/01120

(87) International publication number:
WO 01/61401 (23.08.2001 Gazette 2001/34)

(84) Designated Contracting States:
ATBECHCYDEDKESFIFRGBGRIEITLILU
MC NL PT SE TR

(30) Priority: 18.02.2000 JP 2000040575
06.03.2000 JP 2000060229

(71) Applicant: SUMITOMO OSAKA CEMENT CO.,
LTD.
Chiyoda-ku, Tokyo 101-8677 (JP)

(72) Inventors:
* FUKAYAMA, Yasuyuki,
c/o New Technology Res. Lab.
Funabashi-shi, Chiba 274-8601 (JP)

* NAGATA, Hirotoshi,
c/o New Technology Res. Lab.
Funabashi-shi, Chiba 274-8601 (JP)
* SAKAMOTO, Toshihiro,
c/o New Technology Res. Lab.
Funabashi-shi, Chiba 274-8601 (JP)
* FUJINO, Tetsuya,
c/o Optoelectronics Business Div.
Funabashi-shi, Chiba 274-8601 (JP)

(74) Representative:
Griinecker, Kinkeldey, Stockmair &
Schwanhdusser Anwaltssozietat
Maximilianstrasse 58
80538 Miinchen (DE)

(54)
DEVICE

(57)  An optical waveguide is formed on a substrate
made of a material with an electro-optic effect. Then, an
intermediate layer is fabricated, on the main surface of
the substrate, by a dielectric material selected from the
group consisting of AOx, B,Oy, COz (A:divalent ele-
ment, B:trivalent element, C:quadrivalent element,
0<x<1, 0<y<3, 0<z<2, O:oxygen). Then, a metal-clad-
ding type optical polarizer is fabricated on the interme-

FIG. 1

OPTICAL WAVEGUIDE DEVICE AND METHOD FOR FORMING OPTICAL WAVEGUIDE

diate layer and the optical waveguide.

Moreover, an optical waveguide and a buffer layer
are formed at and on a substrate with an electro-optic
effect. Then, the buffer layer is partially removed by non-
reactive dry-etching to form afirst opening. Subsequent-
ly, a metal-cladding type optical polarizer is fabricated
inside the first opening, and a signal electrode and a
ground electrode, constituting a modulation electrode,
are fabricated on the buffer layer.
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Description
(Technical field)

[0001] Thisinventionrelates an optical waveguide de-
vice and its fabrication method applicable for long haul
and large capacity optical fiber communication system
and an optical measuring instrument, particularly to an
optical waveguide device having a metal-cladding type
optical polarizer and its fabrication method for achieving
a high extinction ratio and stabilizing the device perform-
ance against fluctuation of incident lightwave.

(Background Art)

[0002] An optical waveguide device comprising an
optical waveguide, a buffer layer and electrodes which
are fabricated on a substrate having electro-optic effect,
such as lithium niobate (LN), has been widely employed
for long haul and large capacity optical fiber communi-
cation system and an optical measuring instrument.
[0003] The optical waveguide device is fabricated as
follows: First of all, the optical waveguide is formed on
the LN substrate by a Ti thermal diffusion method, and
the buffer layer made of SiO,, and the electrodes for
modulation of lightwave propagating through the optical
waveguide, are successively fabricated on the sub-
strate. Then, the substrate is diced into chips and they
are mounted on cases. Finally, optical fibers are con-
nected to both ends of each chips to complete optical
waveguide devices.

[0004] In general, the optical waveguide devices are
operated using the lightwave with perpendicularly or
horizontally polarized to a main surface of a substrate.
From this point of view, a polarization maintaining fiber
is usually connected to the input of the optical
waveguide of the device, and the linearly polarized light-
wave is introduced into the optical waveguide device.
[0005] However, if the polarization maintaining fiber is
stressed from the outside or non-linearly polarized light-
wave is introduced, extinction ratio of the optical
waveguide device would be degraded. As the result, the
optical waveguide device can not do on/off switching of
lightwave correctly, so that the S/N ratio is degraded in
the signal transmittance.

[0006] To solve the above-mentioned problem, a met-
al-cladding type optical polarizer proposed by Suemat-
su et al. in "Appl. Phys. Lett., Vol. 21, No. 6 (1972)" is
applicable for the optional waveguide device. The met-
al-cladding type optical polarizer is utilizing difference in
degree of electric field absorption depending on the
state of polarization. Concretely, by the metal-cladding
type optical polarizer, only polarized lightwave horizon-
tal to a main surface of a substrate (TE mode lightwave)
is transmitted, and a polarized lightwave perpendicular
to the main surface (TM mode lightwave) is absorbed.
The above optical waveguide device can exhibit a rela-
tively high extinction ratio, regardless of its simple struc-
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ture.

[0007] For the reduction of the excess absorption of
the TE mode lightwave and the achievement of high ex-
tinction ratio, a dielectric film having a lower refractive
index than that of the core of the optical waveguide may
be fabricated as an intermediate layer between the op-
tical waveguide and the metal-cladding type optical po-
larizer.

[0008] On the other hand, for the improvement of ve-
locity matching, a buffer layer made of a dielectric ma-
terial, such as SiO,, is fabricated between the substrate
and the electrodes to modulate the lightwave propagat-
ing through the optical waveguide. In this case, it is pro-
posed that the buffer layer is partially etched by reactive
ion etching using a fluorine-based gas such as CF, or
CHF4 to form an opening so as to expose the part of the
substrate, and the metal-cladding type optical polarizer
is provided in the opening. Therefore, the metal-clad-
ding type optical polarizer can be integrated on the op-
tical waveguide device having a thick buffer layer.
[0009] However, in this case, the buffer layer may be
over-etched due to the fluctuation in its thickness and/
or in the etching rate corresponding to different etching
batches, so that the substrate may be partially etched.
Therefore, if the metal-cladding type optical polarizer is
provided on the etched substrate in the opening, the po-
larization property of the metal-cladding type optical po-
larizer may be fluctuated according to degree of over-
etching against the substrate, resulting in the deteriora-
tion of the extinction ratio of the optical waveguide de-
vice.

[0010] On the other hand, the metal-cladding type op-
tical polarizer may be fabricated on the intermediate lay-
er composing by dielectric materials. In this case, during
the long-term use of the optical waveguide device, me-
chanical peeling of the metal-cladding type optical po-
larizer due to heat cycle and/or thermal shock can be
avoided.

[0011] However, when the metal-cladding type optical
polarizer is fabricated on the intermediate layer compos-
ing by oxides, such as SiO,, it is oxidized and corroded
by long-term use. As a result, the performance of the
optical waveguide device as having the metal-cladding
type optical polarizer can not be stabilized for a long
time.

(Description of the invention)

[0012] It is an object of the present invention to pro-
vide an optical waveguide device with a metal-cladding
type optical polarizer and its fabrication method to be
able to realize a high extinction ratio for a long time
through the performance of the metal-cladding type op-
tical polarizer, irrespective of its configuration being
formed on an intermediate layer or in an opening at the
buffer layer, with keeping its formation advantages.

[0013] For achieving the above object, this invention
relates to an optical waveguide device comprising:
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a substrate made of a material with an electro-optic
effect,

an optical waveguide formed on the substrate to
transmit a lightwave,

a modulation electrode to modulate the lightwave,
a metal-cladding type optical polarizer to remove
the unnecessary polarized component of the light-
wave, and

an intermediate layer, between the substrate and
the metal-cladding type optical polarizer, made of
at least one dielectric material selected from the
group consisting of AOx, B,Oy, COz (A:divalent el-
ement, B:trivalent element, C:quadrivalent ele-
ment, 0<x<1, 0<y<3, 0<z<2, O:oxygen).

[0014] The inventors have intensely studied to stabi-
lize the performance of an optical waveguide device
having a metal-cladding type optical polarizer, and then,
investigated the structure of the optical waveguide de-
vice in detail.

[0015] As aresult, they found that the metal-cladding
type optical polarizer was not peeled if it was fabricated
on an intermediate layer with low internal stress, as
mentioned above.

[0016] Since the metal-cladding type optical polarizer
is required to be formed on the optical waveguide, the
intermediate layer must be formed on the same optical
waveguide. Therefore, if the intermediate layer is made
of a material with higher refractive index than that of the
substrate or the optical waveguide, a lightwave propa-
gating through the optical waveguide is leaked toward
the intermediate layer. Thus, the intermediate layer is
required to be made of a material with relatively lower
refractive index such as dielectric oxides.

[0017] As mentioned above, however, if the metal-
cladding type optical polarizer is provided on the inter-
mediate layer composing by dielectric oxides, it is oxi-
dized and corroded. Therefore, the inventors have pre-
cisely studied to clarify the mechanism of the oxidization
and corrosion. As a result, they have found that the ex-
cess oxygen in the intermediate layer was extricated
with time, and diffused into the metal-cladding type op-
tical polarizer formed on the intermediate layer, thereby
to oxidize and corrode the polarizer.

[0018] Based on the above-mentioned study, the in-
ventors have made a investigation to inhibit the extrica-
tion of the excess oxygen. As a result, they have found
that oxidization and corrosion of the metal-cladding type
optical polarizer could be inhibited when the intermedi-
ate layer was made of a dielectric oxides having a lower
oxygen concentration than that of its stoichiometric con-
centration, because the excess oxygen was not gener-
ated in the intermediate layer.

[0019] Thisinventionis achieved by the extensive and
detailed researches as mentioned above.

[0020] The optical waveguide device of the present
invention is created directly from the above researches,
and has the intermediate layer of dielectric oxide be-
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tween the substrate and the metal-cladding type optical
polarizer.

[0021] According to the present invention, mechani-
cal peeling, oxidization and corrosion of the metal-clad-
ding type optical polarizer can be avoided, and thus, the
performance of the optical waveguide device can be sta-
bilized for a long time.

[0022] Furthermore, this invention relates to a fabri-
cation method of an optical waveguide device consisting
of an optical waveguide, a buffer layer, a metal-cladding
type optical polarizer and a modulation electrode on a
substrate with an electro-optic effect, comprising:

afirst step to form the optical waveguide on the sub-
strate,

a second step to fabricate the buffer layer on the
substrate,

a third step, by means of partial removal of the buff-
er layer employing non-reactive dry-etching, to form
a first opening so that the corresponding part of the
main surface of the substrate on which the optical
waveguide is formed, is partially or entirely ex-
posed, and

afourth step to fabricate the metal-cladding type op-
tical polarizer on the substrate inside the first open-

ing.

[0023] Also, the inventors investigated, for a LN sub-
strate, the cause of fluctuation in optical performance of
the metal-cladding type optical polarizer, when it was
fabricated in a buffer layer opening of which the sub-
strate was slightly etched in the formation process.
[0024] As the result, they found that the metal-clad-
ding type optional polarizer was corroded when it was
fabricated in such opening, although it was not corroded
when it was fabricated directly on the substrate without
forming buffer layer. As they made further investigation
on the corrosion phenomenon, they found that the ex-
cess oxygen from the main surface of the substrate was
the cause of its corrosion.

[0025] Then, since the excess oxygen is generated
when the substrate is attacked by fluorine-based gas
plasma because of over-etching of the buffer layer, the
inventors conceive the following mechanism of gener-
ating the excess oxygen. That is, when the chemically
reactive etching using fluorine-based gas plasma is em-
ployed, the fluorine radicals as main etching species are
selectively reacted with the lithium constituting the LN
substrate, to form fluorides. Because, the lithium is se-
lectively extricated from the LN substrate as lithium flu-
oride, the excess oxygen is generated.

[0026] On the above excess oxygen generating
mechanism, the inventors employ non-reactive physical
etching using argon gas plasma, and the buffer layer is
partially etched to form an opening, in which the metal-
cladding type optical polarizer is fabricated. In this case,
the metal-cladding type optical polarizer is never corrod-
ed, and thus, the optical performance of the polarizer is
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not changed.

[0027] This invention is also achieved through the
vast research and development.

[0028] According to the present invention, even
though the substrate is attacked by fluorine-based gas
plasma because of over-etching of the buffer layer oc-
curred in the fabrication process of buffer layer opening,
the excess oxygen is not generated on the main surface,
particularly in the superficial layer of the substrate.
Therefore, when the metal-cladding type optical polar-
izer is fabricated in the opening, it is not oxidized and
corroded.

[0029] Accordingly, the polarization property of the
metal-cladding type optical polarizer can be stabilized
and thus, the optical waveguide device having a high
extinction ratio can be provided.

(Brief description of drawings)

[0030] The invention will be more particularly, de-
scribed with reference to the accompanying drawings,
in which:

Fig. 1 is a perspective view showing an optical
waveguide device according to the present inven-
tion,

Fig. 2 is a perspective view showing an optical
waveguide device according to the fabrication
method of the present invention, and

Fig. 3 shows DC drift curves of optical waveguide
devices according to the present invention and the
referential example.

(Best mode for carrying out the invention)

[0031] The invention will be described in detail with
reference to the above drawings as follows:

[0032] Fig. 1is a perspective view showing an optical
waveguide device according to the present invention.
Herein, for the clarity of the features of the present in-
vention, detail parts of the optical waveguide device are
not shown in the drawing.

[0033] The optical waveguide device 10 depicted in
Fig. 1 has a substrate 1 made of a material with an elec-
tro-optic effect and a Mach-Zehnder type optical
waveguide 2 fabricated on the substrate 1. And, a buffer
layer 3 is formed in on main surface 1A of the substrate
1. Moreover, an intermediate layer made of at least one
dielectric material selected from the group consisting of
AOx, B,Oy, COz (A:divalent element, B:trivalent ele-
ment, C:quadrivalent element, 0<x<1, 0<y<3, 0<z<2, O:
oxygen) is fabricated at the edge portion 1B of the main
surface 1A of the substrate 1.

[0034] A signal electrode 5 and ground electrode 6,
constituting of a modulation electrode for the optical
waveguide 2, are provided on the buffer layer 3. Then,
a metal-cladding type optical polarizer is fabricated on
the corresponding part of the intermediate layer 4 below
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which the optical waveguide is provided.

[0035] In the optical waveguide device 10 depicted in
Fig. 1, an incident lightwave introduced in the arrow di-
rection, is polarized by the metal-cladding type optical
polarizer 7, and then, the lightwave component parallel
to the main surface 1A of the substrate 1 (TE made light-
wave) is selected by the metal-cladding type optical po-
larizer 7. Therefore, only the parallel component is
transmitted through the optical waveguide 2, and mod-
ulated by a microwave applied from the signal electrode
5 and the ground electrode 6. According to the degree
of phase shift in Mach-Zehnder interferometer the par-
allel component is extinguished or not distinguished and
thus, the incident lightwave (parallel component) is
switched to the state "on" or "off".

[0036] As mentioned above, the metal-cladding type
optical polarizer 7 is provided on the intermediate layer
4 made of the above dielectric material in the optical
waveguide device 10 depicted in Fig. 1. Therefore, the
stress generated between the substrate 1 and the met-
al-cladding type optical polarizer 7 is damped at the in-
termediate layer 4, and thus, the mechanical peeling of
the metal-cladding type optical polarizer with time can
be prevented. Moreover, the excess oxygen is not gen-
erated in the intermediate layer 4, and thus, the oxidi-
zation and the corrosion of the metal-cladding type op-
tical polarizer 7 with time can be prevented. Accordingly,
the stable operation of the optical waveguide device 10
having the metal-cladding type optical polarizer 7 can
be maintained for a long time.

[0037] It is required that the intermediate layer 4 is
made of the above dielectric material. Concretely, MgOx
can be exemplified as the AOx. Al,Oy, Y,0y can be ex-
emplified as the B,Oy. Then, SiOz, ZrOz, HfOz and Ge-
Oz can be exemplified as the COz.

[0038] Particularly, SiOz can be preferably used be-
cause it is not expensive and easy to be formed as a
thin film.

[0039] The metal-cladding type optical polarizer 7 is
consisted of a metallic material, such as Al, Ag, Cr or Pt.
[0040] The thickness of the intermediate layer is de-
termined on the refractive index thereof. For example,
the thickness of the SiOz intermediate layer is preferably
setwithin 50-100A. In this case, the object of the present
invention can be realized effectively and efficiently. The
thickness of the metal-cladding type optical polarizer 7
is generally set within 1000-3000A.

[0041] In the optical waveguide device 10 according
to the present invention, the signal electrode and the
ground electrode may be made of a good conductive
metallic material such as Au, Ag or Cu.

[0042] The substrate 1 is required to be made of a ma-
terial having an electro-optic effect, for example, lithium
niobate (LINbO3), lithium tantalate (LiTaOs) and lead
lanthanum zirconate titanate (PLZT). Particularly, the
LiNbO; is preferably used because the high quality crys-
tal of it is inexpensively available and it is easy to form
the optical waveguide by a Ti thermal diffusion method
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and so on.

[0043] The optical waveguide 2 can be fabricated by
a conventional method such as the Ti thermal diffusion
method or a proton-exchanging method.

[0044] The intermediate layer 4 can be made by a
conventional film-forming method such as vacuum dep-
osition method or a sputtering method.

[0045] Inthe case of using the sputtering method, the
intermediate layer made of the above-mentioned dielec-
tric material can be deposited when only Ar gas is intro-
duced into a sputtering chamber.

[0046] Next, the fabrication method for an optical
waveguide device according to the present invention will
be described, with reference to Fig. 2.

[0047] An optical waveguide device 20 depicted in
Fig. 2 as a preferred embodiment of the present inven-
tion has a substrate 11 having an electro-optic effect, an
optical waveguide 12 fabricated on the substrate 11, a
signal electrode 15 and a ground electrode 16 which
constitute a modulation electrode. And, a buffer layer 13
is provided between the substrate 11 and the signal and
the ground electrode 15 and 16. Moreover, a metal-clad-
ding type optical polarizer 14 is fabricated on the left
edge of the substrate 11 so that it is directly contacted
to the main surface 11A of the substrate 11. In addition,
DC electrode 17 is fabricated on the right edge of the
substrate 11 so that it is directly contacted to the main
surface 11A of the substrate 11.

[0048] The DC electrode 17 applies a bias voltage to
the optical waveguide 12 for controlling the operation
point of the optical waveguide device 20.

[0049] A lightwave is introduced into the optical
waveguide 12 of the optical waveguide device 20 along
the depicted arrow direction, and then, the lightwave
component parallel to the main surface 11A of the sub-
strate 11 (TE made lightwave) is selected by the metal-
cladding type optical polarizer 14. The parallel compo-
nent is modulated by a microwave applied from the sig-
nal electrode 15 and the ground electrode 16, and then,
extinguished or not extinguished. Accordingly, the inci-
dent lightwave (parallel component) is switched to the
state "on" or "off', corresponding to the non-extinction or
the extinction of the incident lightwave.

[0050] In the present invention, first of all, the optical
waveguide 12 is fabricated on the electro-optic sub-
strate 11 by a Ti thermal diffusion method, a proton-ex-
changing method, an epitaxial growth method and an
ion implantation method.

[0051] Subsequently, the buffer layer 13 is formed on
the substrate 11 by a well known film-forming method
such as vacuum deposition method, a sputtering meth-
od, an ion-plating method or a CVD method, depending
on the kind of the material to form the buffer layer 13.
[0052] The thickness of the buffer layer 13 is prefera-
bly set within 0.2-2.0 um, for velocity-matching between
a lightwave propagating through the optical waveguide
12 and a microwave as the modulating signal traveling
along the signal electrode 15 and the ground electrode

10

15

20

25

30

35

40

45

50

55

16, and for preventing the absorption loss of the light-
wave to the electrodes 15 and 16.

[0053] Then, in this invention, the buffer layer 13 is
partially removed by non-reactive dry-etching to form a
first opening 18.

[0054] The non-reactive dry-etching process will be
performed as follows:

First of all, a chromium mask is fabricated on the
buffer layer 13 by a vacuum deposition method so
that the thickness of the chromium mask becomes
thicker than that of the buffer layer 13, e.g., 0.3-2.1
um. Then, a photoresist is spin-coated in a thick-
ness of 0.7-1.0 um on the chromium mask, and
thereafter, is patterned by phototlithography. The
corresponding part of chromium mask for the first
opening 18 to be formed is removed by chemical
etching. Then, the residual photoresist is removed
by an organic solvent.

Thereafter, the masked substrate is set in a dry-
etching apparatus with a high-density plasma re-
source like ECR, and the buffer layer 13 is dry-
etched. In this case, only the corresponding part of
the buffer layer 13 without the chromium mask for
the first opening 18 to be formed is etched and re-
moved, thereby to form the first opening 18. The re-
sidual chromium mask is removed by chemical
etching, etc.

[0055] Inthe above non-reactive dry-etching process,
any kind of etching gas to generate non-reactive plasma
ion species can be employed. Particularly, inert gas can
be preferably employed because it has a relatively high
etching rate and is chemically stable to be handled eas-
ily. Especially, argon gas is preferably employed be-
cause it is inexpensively available and the etching rate
can be easily controlled.

[0056] In the case that a relatively thick buffer layer
up to 1.0 um or over is formed, it is desired that reactive
dry-etching is employed together with the non-reactive
dry-etching to form the first opening 18.

[0057] Thatis, first of all, the buffer layer 13 is etched
by the reactive dry-etching. Then, just before the main
surface 11A of the substrate 11 is exposed, the reactive
dry-etching process is changed to the non-reactive dry-
etching process.

[0058] A high etching rate can be easily realized by
the reactive dry-etching process through the chemical
reaction. Therefore, the process time to form the first
opening 18 for the buffer layer 13 can be shortened.
Moreover, since the chromium mask has high etching
selectivity against the buffer layer in the reactive dry-
etching process, it is not so much etched by the reactive
dry-etching even though the thick buffer layer is formed.
Therefore, waste of mask forming material can be avoid-
ed.

[0059] Furthermore, as mentioned above, since the
reactive dry-etching process is changed to the non-re-
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active dry-etching process just before the main surface
11A of the substrate 11 is exposed, excess oxygen is
not generated in the superficial part of the substrate 11
even though the buffer layer 13 is over-etched.

[0060] In the above reactive dry-etching process, a
fluorine-based gas is preferably used. Since much fluo-
rine radicals as one as an etching species of a SiO,,
which is commonly employed as the material constitut-
ing the buffer layer 13, are generated in the fluorine-
based gas, the use of it is extremely effective to achieve
high etching rate for the buffer layer 13 to form the first
opening 18.

[0061] As the fluorine based gas, in addition to the
above-mentioned CF, gas and CHF; gas, C,Fg gas and
C5Fg gas are exemplified.

[0062] Subsequently, in the present invention, the
metal-cladding type optical polarizer 14 is fabricated on
the main surface 11A of the substrate 11 inside the first
opening 18.

[0063] The metal-cladding type optical polarizer is
fabricated as follows: First of all, a photoresist pattern
is formed in the first opening 18, and then, a metallic
layer is deposited on the photoresist pattern by vacuum
deposition method, etc. The cladding length L of the
metal-cladding type optical polarizer 14 is generally set
within 0.5-5.0mm.

[0064] Subsequently, in the optical waveguide device
20 depicted in Fig. 2 as the preferred embodiment of the
present invention, the signal electrode 15 and the
ground electrode 16, constituting the modulation elec-
trode, are fabricated on the buffer layer 13 by a deposi-
tion method and/or a plating method.

[0065] In the optical waveguide device 20, the DC
electrode 17 is fabricated on the right edge of the sub-
strate 11. As shown in Fig. 2, it is desired that the DC
electrode 17 is fabricated directly on the main surface
11A of the substrate 11 because the velocity matching
is not required for the DC electrode 17 and the driving
voltage for the DC electrode 17 can be reduced. In this
case, the buffer layer 13 is partially etched and removed
to form a second opening 19 in the same manner as the
first opening 18 for the metal-cladding type optical po-
larizer 14. Then, the DC electrode 17 is fabricated inside
the second opening 19.

[0066] For decreasing the number of fabrication proc-
ess and reducing the fabrication cost for the optical
waveguide device, the second opening 19 is preferably
formed at the same time when the first opening 18 is
formed.

[0067] In this invention, the first opening 18 is formed
by the above-mentioned non-reactive dry-etching.
Therefore, it is expected that the oxygen in the superfi-
cial part of the substrate 11 may be reduced, depending
on the dry-etching condition and the degree of over-
etching.

[0068] Because of carrier generation from the oxy-
gen-reduced superficial part, a large DC drift may be
generated at the DC electrode if it is fabricated on the
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oxygen-reduced substrate.

[0069] Therefore, it is desired in fabricating the DC
electrode that the substrate is annealed in an oxygen-
containing atmosphere after the non reactive dry-etch-
ing process.

[0070] Concretely, after the first opening 18 and the
second opening 19 are formed, the substrate 11 is set
in an electric furnace such as a cylindrical furnace and
is heated at a temperature within 100-900°C for 1-20
hours under an oxygen-containing atmosphere.

[0071] Herein, the "oxygen-contained atmosphere"
means an atmosphere containing oxygen in a predeter-
mined proportion such as a synthetic air or an atmos-
pheric air in addition to a pure oxygen gas.

[0072] The annealing process in the oxygen-contain-
ing atmosphere is preferably carried out after the fabri-
cation process of the first and the second openings 18
and 19 and before the fabrication process of the metal-
cladding type optical polarizer 14 for preventing the ox-
idization of the metallic layer of it.

[0073] As mentioned above, in the case that a thick
buffer layer is formed the second opening 19 is also
made by the reactive dry-etching in addition to the non-
reactive dry-etching.

[0074] InFig. 2, only the DC electrode 17 is fabricated
in the second opening 19. However, if the DC electrode
is not fabricated, the concave portion having a buffer lay-
er remnant may be formed instead of the second open-
ing 19, and the modulation electrode consisting of the
signal electrode 15 and the ground electrode 16 may be
fabricated on the buffer layer remnant inside the con-
cave portion. In this configuration, the driving voltage of
optical waveguide device can be lowered.

[0075] Moreover, itis desired that only the signal elec-
trode is fabricated on the buffer layer remnant inside the
concave portion. In this case, the driving voltage for the
optical waveguide device can be reduced effectively,
and the velocity machining between lightwave propa-
gating through the optical waveguide and microwave
traveling along the modulation electrode can be im-
proved. Then, the absorption of the lightwave to the
modulation electrode can be prevented.

[0076] On the other hand, the DC electrode is prefer-
ably fabricated directly on the main surface 11A of the
substrate 11 through the second opening 19 because of
the reduction of the bias voltage.

[0077] The above-mentioned concave portion may be
formed in addition to the second opening 19. In this
case, the DC electrode 17 is fabricated in the second
opening 19, and the modulation electrode is fabricated
on the buffer layer remnant inside the concave portion.
Therefore, the above-mentioned effects for the DC elec-
trode and the modulation electrode can be realized.
[0078] The concave portion may be formed as a third
opening so that the main surface of the substrate is ex-
posed.

[0079] For decreasing the number of fabrication proc-
ess and reducing the fabrication cost of the optical
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waveguide device, the third opening is formed at the
same time when the first and the second openings 18
and 19 are formed. The third opening is formed by the
above-mentioned non-reactive dry-etching as well as
the first and the second openings 18 and 19. Also, the
reactive dry-etching may be employed together.

[0080] Itis also desired that the substrate is annealed
under an oxygen-containing atmosphere after the third
opening is formed, as mentioned above. The same an-
nealing condition for the first and the second openings
18 and 19 may be employed to the third one.

[0081] Atthetime when the firstand the second open-
ings 18 and 19 are formed, the buffer layer exposed be-
tween the signal electrode 15 and the ground electrode
16 can be partially removed by the dry-etching. In this
configuration, the field leakage of a modulation signal
from the signal electrode 15 through the buffer layer can
be reduced. Therefore, the modulation signal can be
concentrated to the optical waveguide, and thus, the
modulation efficiency of the optical waveguide device
can be improved.

[0082] The fabrication method of the present inven-
tion can be favorably applied to a substrate made of a
lithium-containing ferroelectric material. If the conven-
tional fabrication method employing reactive dry-etch-
ing process by fluorine-based gas is applied to such a
substrate, the fluorine radicals are selectively reacted
with the lithium in the substrate to form fluorides, and
the lithium is extricated from the substrate. Therefore,
excess oxygen exist in the superficial part of the sub-
strate.

[0083] On the contrary, according to the present in-
vention, such fluorides are not generated, and thus, ex-
cess oxygen is not generated in the superficial part of
the substrate. As a result, since the metal-cladding type
optical polarizer is fabricated on the oxygen-reduced
substrate, it is hard to corrode, which is quite different
from the case in which the metal-cladding type optical
polarizer is fabricated on the substrate provided by the
conventional fabrication method being oxygen-exces-
sive state.

[0084] As the lithium-containing ferroelectric material,
lithium niobate (LiNbO3) and lithium tantalate (LiTaO3)
may be exemplified. Particularly, the LiNbO5 is prefera-
bly used because the high quality crystal of it is inexpen-
sively available and it is easy to form the optical
waveguide by a Ti thermal diffusion method and so on.

Examples:

[0085] This invention will be concretely described on
the examples, with reference to the drawings.

(Example 1)
[0086] Inthis example, such an optical waveguide de-

vice 10 as shown in Fig. 1 was fabricated.
[0087] The substrate 1 was made of an X-cut lithium
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niobate single crystal. Then, the optical waveguide 2
was formed on the substrate 1 by a Ti thermal diffusion
method. Subsequently, the buffer layer 3 was fabricated
from SiO, in a thickness of 1.0 um on the main surface
1A of the substrate 1 by a sputtering method.

[0088] A photoresist was spin-coated on the entire
surface of the substrate, and patterned by photolithog-
raphy so that a part of the buffer layer 3 corresponding
to the straight part of the optical waveguide is partially
exposed. The substrate was set in a dry-etching appa-
ratus with an ECR plasma resource, and the buffer layer
is partially etched through the photoresist mask. The ex-
posed part of the buffer layer from the photoresist mask
was removed and the main surface of the substrate 1
was partially exposed to form an opening. Thereafter,
the residual photoresist was removed by an organic sol-
vent.

[0089] Subsequently, a photoresist was spin-coated
and patterned so as to expose the corresponding part
of the opening for the metal-cladding type optical polar-
izer 7 to be fabricated. Then, the intermediate layer 4
consisting of a 100A-thick SiOz (0<z<2) and an A1 film
having a thickness of 1000A were subsequently depos-
ited on the exposed substrate by a sputtering method.
The residual SiOz layer and the A1 layer on the pho-
toresist were removed by applying lift-off technique, to
complete the metal-cladding type optical polarizer hav-
ing an intermediate layer.

[0090] Herein, the intermediate layer 4 was sputtered
from a SiO, target under argon gas atmosphere and the
gas pressure and the input power for the target was set
to be 0.5Pa and 10W/cm2, respectively.

[0091] After the formation of an underlay consisting of
Ti and Au layers fabricated on the buffer layer 3 by vac-
uum deposition, a thick Au layer was plated to form mod-
ulation electrodes. By means of chemical etching for the
underlay exposed between the electrodes, the signal
electrode 5 and the ground electrode 6 having a thick-
ness of 20 um were isolated each other and the optical
waveguide device 10 was completed.

[0092] The 20 pieces of the optical waveguide device
10 were fabricated and a heat-cycle of -90°C to 70°C
was given 100 times to them. After the heat-cycle test,
the metal-cladding type optical polarizer was not peeled
in all optical waveguide device. The deterioration of TE/
TM extinction ratio was ranged within 0.5-1.0dB.

(Comparative Example 1)

[0093] Except that the intermediate layer 4 was not
fabricated, an optical waveguide device was fabricated
in the same manner as in Example 1, The 20 pieces of
the optical waveguide device were fabricated, and test-
ed in the same heat-cycle condition as in Example 1. As
a result, peeling of the metal-cladding type optical po-
larizer was observed in four pieces from tested the op-
tical waveguide devices. Moreover, the TE/TM extinc-
tion ratio were deteriorated within 2.0-10.0dB
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[0094] As is apparent from Example 1 and Compara-
tive Example 1, according to the present invention, me-
chanical peeling of the polarizer is prevented by provid-
ing the intermediate layer made of SiOz (0<z<2) be-
tween the substrate and the metal-cladding type optical
polarizer.

[0095] Moreover, it was turned out that the metal-clad-
ding type optical polarizer was not oxidized and/or cor-
roded since the deterioration of TE/TM extinction ratio
is efficiently suppressed in the heat-cycle test. There-
fore, the obtained optical waveguide device can be op-
erated stably for a long time.

(Example 2)

[0096] In this example, such an optical waveguide de-
vice 20 as shown in Fig. 2 was fabricated, according to
the fabrication method of the present invention. Herein,
the second opening 19 and the DC electrode 17 were
not formed.

[0097] The substrate 11 was made of an X-cut lithium
niobate single crystal. Then, the optical waveguide 12
was formed on the substrate 11 by a Ti thermal diffusion
method. Subsequently, the buffer layer 13 was fabricat-
ed from SiO, in a thickness of 0.5 pm on the main sur-
face 11A of the substrate 11 by a vacuum deposition
method. For the improvement of the mechanical
strength of the buffer layer 13 and the compensation of
oxygen for the oxygen vacancy in the buffer layer 13,
the substrate 11 having the buffer layer 13 was annealed
at 600°C for five hours in an oxygen-containing atmos-
phere.

[0098] Then, by employing a dry-etching apparatus
with an ECR plasma resource and argon gas as an etch-
ing gas, the first opening 18 was formed in the same
manner as above-mentioned process.

[0099] Then, the metal-cladding type optical polarizer
14 consisting of an A1 layer having a thickness of 1000A
and its cladding length of 5mm was fabricated in the first
opening 18 in the same manner as above-mentioned
process.

[0100] Then, an underlayer consisting of a Ti layer
and a Au layer were fabricated on the buffer layer 13 by
vacuum deposition, and a thick Au layer was plated to
form modulation electrodes. The Ti/Au underlayer was
chemically etched and the signal electrode 15 and the
ground electrode 16 having a thickness of 20 um were
isolated each other and the optical waveguide device
20 was completed.

[0101] Optical fibers were connected to the optical
waveguide device 20, and the TE/TM extinction ratio
was measured. As a result, it was turned out that the
optical waveguide device 20 exhibited a high TE/TM ex-
tinction ratio of about 21dB.

(Example 3)

[0102] In this example, such an optical waveguide de-
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vice 20 as shown in Fig. 2 was fabricated, according to
the fabrication method of the present invention. Herein,
the thickness of the buffer layer 13 was setto be 1.0 um,
different from Example 2.

[0103] Then, a dry-etching apparatus with an ECR
plasma resource was employed, and the first opening
18 and the second opening 19 were formed in the same
manner as the above-mentioned process. In this case,
firstly, the buffer layer 13 was removed in its thickness
direction by about 0.9 um through the reactive dry-etch-
ing, and the residual part having about 0.1 um-thick was
removed through the non-reactive dry-etching using the
argon gas.

[0104] The substrate 11 was annealed at 600°C for
five hours in an oxygen atmosphere, and then, the met-
al-cladding type optical polarizer 14 was fabricated.
[0105] Subsequently, the signal electrode 15 and the
ground electrode 16 were fabricated in the same man-
ner as in Example 2, and at the same time, the DC elec-
trode 17 was fabricated by designated mask.

[0106] Optical fibers were connected to the obtained
optical waveguide device 20, and the TE/TM extinction
ratio was measured. As a result, it was turned out that
the optical waveguide device exhibited a high TE/TM ex-
tinction ratio of about 20dB.

[0107] Moreover, the DC drift of the optical waveguide
device 20 was measured, and the DC drift curve (a) as
shown in Fig. 3 was obtained. The magnitude of the DC
drift was estimated as about 1.5V from Fig. 3.

(Comparative Example 2)

[0108] Except that the first opening 18 was formed by
the reactive dry-etching using CF, gas, an optical
waveguide device was fabricated in the same manner
as in Example 2. The obtained optical waveguide device
exhibited a low TE/TM extinction ratio of about 2dB.

(Referential Example)

[0109] Except that the substrate 11 was not annealed
in the oxygen-containing atmosphere after formation of
the first and the second openings 18 and 19, an optical
waveguide device was fabricated in the same manner
as in Example 3.

[0110] The TE/TM extinction ratio of the obtained op-
tical waveguide device was about 18dB when it was
measured in the same manner as in Example 2.
[0111] The DC drift of the optical waveguide device
was measured and the DC drift curve (b) was obtained
as shown in Fig. 3. Then, the magnitude of the DC drift
was about 10.5V.

[0112] As is apparent from Examples 2, 3 and Com-
parative Example 2, by forming the first opening through
the non-reactive dry-etching and fabricating the metal-
cladding type optical polarizer in the first opening, the
optical waveguide device obtained from the present in-
vention can exhibit a high extinction ratio.
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[0113] Asis apparentfrom Example 3 and Referential
Example, by substrate annealing in the oxygen-contain-
ing atmosphere before formation of the DC electrode,
the DC drift of the optical waveguide device obtained
from the present invention can be reduced.

[0114] Although the present invention was described
in detail with reference to the above examples, this in-
vention is not limited to the above disclosure and every
kind of variation and modification may be made without
departing from the scope of the present invention.

(Industrial Applicability)

[0115] In an optical waveguide device according to
the present invention, an intermediate layer made of an
oxygen-starred dielectric oxide is provided between a
substrate and a metal-cladding type optical polarizer.
Therefore, the mechanical peeling, the oxidization and/
or corrosion with time of the metal-cladding type optical
polarizer can be prevented. As a result, the obtained op-
tical waveguide device can be operated stably for a long
time.

[0116] In a fabrication method according to the
present invention, if an opening is formed through the
dry-etching for the buffer layer which is provided on a
substrate, excess oxygen is not generated in the super-
ficial part of the substrate. Therefore, even though the
metal-cladding type optical polarizer is fabricated on the
substrate, it is never corroded. As a result, the obtained
optical waveguide device can exhibit a high extinction
ratio.

Claims
1. An optical waveguide device comprising:

a substrate made of a material with an electro-
optic effect,

an optical waveguide formed on the substrate
to transmit a lightwave,

a modulation electrode to modulate the light-
wave,

a metal-cladding type optical polarizer to re-
move the unnecessary polarized component of
the lightwave, and

an intermediate layer, between the substrate
and the metal-cladding type optical polarizer,
made of at least one dielectric material selected
from the group consisting of AOx, B,Oy, COz
(A:divalent element, B:trivalent element, C:
quadrivalent element, 0<x<1, 0<y<3, 0<z<2, O:
oxygen).

2. An optical waveguide device as defined in claim 1,
wherein the dielectric material is SiOz (0<z<2).

3. An optical waveguide device as defined in claim 1
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or 2, wherein the substrate is made of lithium nio-
bate.

A method for fabricating an optical waveguide de-
vice including an optical waveguide, a buffer layer,
a metal-cladding type optical polarizer and a mod-
ulation electrode on a substrate with an electro-op-
tic effect, comprising:

a first step to form the optical waveguide on the
substrate,

a second step to fabricate the buffer layer on
the substrate,

a third step, by means of partial removal of the
buffer layer employing non-reactive dry-etch-
ing, to form a first opening so that the corre-
sponding part of the main surface of the sub-
strate on which the optical waveguide is
formed, is partially or entirely exposed, and

a fourth step to fabricate the metal-cladding
type optical polarizer on the substrate inside
the first opening.

A fabrication method as defined in claim 4, wherein
the non-reactive dry-etching is carried out using in-
ert gas.

A fabrication method as defined in claim 5, wherein
the inert gas is argon gas.

A fabrication method as defined in any one of claims
4-6, wherein the third step includes a fifth step of
partial removal of the buffer layer in its thickness
direction employing reactive dry-etching.

A fabrication method as defined in claim 7, wherein
the reactive dry-etching is carried out using a fluo-
rine-based gas.

Afabrication method as defined in any one of claims
4-8, wherein the substrate is made of lithium nio-
bate.
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